The exopolysaccharide alginate, produced by the opportunistic human pathogen Pseudomonas aeruginosa, confers a survival advantage to the bacterium by contributing to the formation of characteristic biofilms during infection. Membraneanchored proteins Alg8 (catalytic subunit) and Alg44 (copolymerase) constitute the alginate polymerase that is being activated by the second messenger molecule bis-(3=, 5=)-cyclic dimeric GMP (c-di-GMP), but the mechanism of activation remains elusive. To shed light on the c-di-GMP-mediated activation of alginate polymerization in vivo, an in silico structural model of Alg8 fused to the c-di-GMP binding PilZ domain informed by the structure of cellulose synthase, BcsA, was developed. This structural model was probed by site-specific mutagenesis and different cellular levels of c-di-GMP. Results suggested that c-di-GMP-mediated activation of alginate polymerization involves amino acids residing at two loops, including H323 (loop A) and T457 and E460 (loop B), surrounding the catalytic site in the predicted model. The activities of the respective Alg8 variants suggested that c-di-GMP-mediated control of substrate access to the catalytic site of Alg8 is dissimilar to the known activation mechanism of BcsA. Alg8 variants responded differently to various c-di-GMP levels, while MucR imparted c-di-GMP for activation of alginate polymerase. Furthermore, we showed that Alg44 copolymerase constituted a stable dimer, with its periplasmic domains required for protein localization and alginate polymerization and modification. Superfolder green fluorescent protein (GFP) fusions of Alg8 and Alg44 showed a nonuniform, punctate, and patchy arrangement of both proteins surrounding the cell. Overall, this study provides insights into the c-di-GMP-mediated activation of alginate polymerization while assigning functional roles to Alg8 and Alg44, including their subcellular localization and distribution. IMPORTANCE The exopolysaccharide alginate is an important biofilm component of the opportunistic human pathogen P. aeruginosa and the principal cause of the mucoid phenotype that is the hallmark of chronic infections of cystic fibrosis patients. The production of alginate is mediated by interacting membrane proteins Alg8 and Alg44, while their activity is posttranslationally regulated by the second messenger c-di-GMP, a well-known regulator of the synthesis of a range of other exopolysaccharides in bacteria. This study provides new insights into the unknown activation mechanism of alginate polymerization by c-di-GMP. Experimental evidence that the activation of alginate polymerization requires the engagement of specific amino acid residues residing at the catalytic domain of Alg8 glycosyltransferase was obtained, and these residues are proposed to exert an allosteric effect on the PilZ Alg44 domain upon c-di-GMP binding. This mechanism is dissimilar to the proposed mechanism of the autoinhibition of cellulose polymerization imposed by salt bridge formation between amino acid residues and released upon c-di-GMP binding, leading to activation of polymerization. On the other hand, conserved amino acid residues in the periplasmic domain of Alg44 were found to be involved in alginate polymerization 
IMPORTANCE
The exopolysaccharide alginate is an important biofilm component of the opportunistic human pathogen P. aeruginosa and the principal cause of the mucoid phenotype that is the hallmark of chronic infections of cystic fibrosis patients. The production of alginate is mediated by interacting membrane proteins Alg8 and Alg44, while their activity is posttranslationally regulated by the second messenger c-di-GMP, a well-known regulator of the synthesis of a range of other exopolysaccharides in bacteria. This study provides new insights into the unknown activation mechanism of alginate polymerization by c-di-GMP. Experimental evidence that the activation of alginate polymerization requires the engagement of specific amino acid residues residing at the catalytic domain of Alg8 glycosyltransferase was obtained, and these residues are proposed to exert an allosteric effect on the PilZ Alg44 domain upon c-di-GMP binding. This mechanism is dissimilar to the proposed mechanism of the autoinhibition of cellulose polymerization imposed by salt bridge formation between amino acid residues and released upon c-di-GMP binding, leading to activation of polymerization. On the other hand, conserved amino acid residues in the periplasmic domain of Alg44 were found to be involved in alginate polymerization as well as modification events, i.e., acetylation and epimerization. Due to the critical role of c-di-GMP in the regulation of many biological processes, particularly the motilitysessility switch and also the emergence of persisting mucoid phenotypes, these results aid to reach a better understanding of biofilm-associated regulatory networks and c-di-GMP signaling and might assist the development of inhibitory drugs.
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A lginate is a secreted anionic exopolysaccharide composed of various proportions of 1,4-linked ␤-D-mannuronic acid (M) and its C-5 epimer ␣-L-guluronic acid (G), which is naturally produced by some bacteria and brown seaweeds (1) . Understanding alginate biosynthesis has been significant for the scientific community due to its role in bacterial pathogenesis as well as the possibility to produce tailor-made alginates exhibiting material properties suitable for various medical and industrial applications. In the context of pathogenesis, Pseudomonas aeruginosa is the leading cause of chronic bronchopulmonary infection in cystic fibrosis patients and many nosocomial infections, associated with an extraordinary capability to form multicellular aggregates embedded in extracellular polymeric substances (EPS) known as biofilms. In bacteria, the secretion of EPS leads to the formation of a developed biofilm protecting embedded bacteria from environmental stresses as well as the immune system and antibiotic treatments (2) . Alginate production by P. aeruginosa creates a survival advantage as it mediates the formation of persistent biofilms during chronic infections (1, (3) (4) (5) . It reduces the diffusion of antibiotics, scavenges free radicals released by triggered mechanisms in the immune system, and interferes with cell-mediated killing of P. aeruginosa (6) (7) (8) . For many years, alginate biosynthesis has been studied in P. aeruginosa as a model organism. Briefly, bacterial alginate is synthesized by an envelope-spanning multiprotein complex consisting of proteins Alg8 and Alg44 (polymerization), AlgG (epimerization), AlgX (acetylation), and AlgK and AlgE (secretion), with the possible involvement of AlgI-AlgJAlgF (acetylation) and AlgL (alginate degradation) (9) (10) (11) . These proteins are responsible for processive polymerization of alginate, translocation of nascent polymer (poly-M) across the periplasm, modification events in the periplasm (i.e., epimerization of M to G residues and acetylation), and secretion of modified alginate (poly-MG) through the outer membrane (9) (10) (11) .
However, alginate biosynthesis is under the control of the second messenger bis-(3=, 5=)-cyclic dimeric GMP (c-di-GMP). c-di-GMP signaling is very complex and almost ubiquitous in bacteria, controlling various biological processes during motility-sessility switch and biofilm formation (12) . Adjustment of cellular levels of c-di-GMP are critical for binding to specific receptor/effector proteins, mainly via the PilZ domain in order to reach a desired physiological output such as exopolysaccharide production (13, 14) . In this regard, the molecular mechanism of posttranslational activation of alginate polymerization by c-di-GMP is still unknown. The interacting cytoplasmic membraneanchored proteins Alg8 and Alg44 constitute the catalytic unit of the alginate polymerase, which is activated by binding of a dimeric form of c-di-GMP to the Alg44 PilZ domain in the cytoplasm (11, 15) .
In this study, we investigated the molecular mechanism of the c-di-GMP-mediated activation of alginate polymerization by applying an in silico model of Alg8 and PilZ Alg44 domain to mimic the structure of BcsA protein (cellulose synthase). BcsA was chosen because it has the c-di-GMP-sensing PilZ domain mediating the activation of the polymerization of cellulose exopolysaccharide in Rhodobacter sphaeroides, which is controlled by a proposed autoinhibition mechanism (16) . This mechanism is referred to the steric hindrance by salt bridge formation in proximity to the catalytic site of BcsA, which is formed between the first arginine of the PilZ domain's R580XXXR584 motif and E371 preceding the RW motif (a signature of the glycosyltransferase family 2). Consequently, the BcsA gating loop adopts a resting state and blocks the catalytic site. This steric hindrance was proposed to be eliminated upon c-di-GMP binding to R580, opening the gate for substrate to enter into the catalytic site (16, 17) . To this end, various site-specific mutageneses were performed, informed by predicted models. The impacts of respective Alg8 variants on alginate production were tested in PDO300 with either single or double deletions of alg8 and alg44, respectively, at high and low cellular levels of c-di-GMP mediated by the activity of c-di-GMP metabolizing enzymes MucR and RocR. Furthermore, the role of Alg44 proposed as alginate copolymerase was assessed through site-specific mutagenesis with respect to in vivo alginate polymerase activity, alginate modification (i.e., acetylation and epimerization), and protein localization. Subcellular localization of Alg8 and Alg44 was visualized by generating translational fusions with a superfolding derivative of green fluorescent protein (sfGFP) and confocal laser scanning microscopy.
potentially affect the response of Alg8 to c-di-GMP binding at its different cellular levels, resulting in the alteration of the alginate production. To test this hypothesis, substitutions of alanine for cytoplasmic amino acid residues surrounding the catalytic site of Alg8 were conducted. These included T320, E322, H323, P324, and P325 from loop A and T453, R454, T457, and E460 from loop B ( Fig. 1a; Fig. S1 ). In addition, the mutation H323E (for the effect of opposite charge substitution) and combinational mutations E322A/H323E, P324A/P325A, T453A/T457A, and R454A/T457A were introduced and analyzed. Then, all the above-mentioned site-specific alg8 mutants were expressed in trans, i.e., using respective pBBR1MCS-5 derivatives, in PDO300Δalg8 to assess alginate production in the absence or presence of overproduced c-di-GMPdegrading RocR, providing permissive (high level of c-di-GMP) and nonpermissive (low level of c-di-GMP) conditions, respectively.
Alginate quantification data ( Fig. 1b ; see also Fig. S2 in the supplemental material) showed the following: (i) alanine substitutions of Alg8 amino acid residues T320, E322, The in silico fusion of Alg8-PilZ Alg44 was modeled using the Phyre2 server. Residues selected for site-specific mutagenesis were shown on loop A (magenta), loop B (blue), and the PilZ domain (green). Mutations of bolded and underlined residues were responsive to the absence and presence of RocR overproduction (i.e., reduced levels of c-di-GMP), while for other shown residues alginate production was abolished independent of RocR. (b) Alginate quantification of PDO300Δalg8 transformants harboring various plasmids containing respective site-specific mutants of alg8 with (ϩ) and without (Ϫ) the rocR gene. (c) Immunoblot analysis of envelope fractions developed using an anti-Alg8 antibody showed that none of mutations affected the Alg8 localization to the envelope fraction (lanes 3 to 7 and lanes 10 to 14). Lanes 1 to 8 and 2 to 9 represent negative and positive controls, respectively. For estimating relative protein amounts, the protein band intensity was analyzed by the ImageJ software. The protein band based on genomic expression derived from 300Δ8ϩalg8 (lanes 2 and 9) was set as 1.0 in density, and relative densities of other bands were calculated as follows: lane 3 ( Highly conserved amino acids of Alg8 whose replacement with alanine decoupled alginate polymerization from c-di-GMPdependent and MucR-dependent regulation. Alginate quantification was performed for PDO300ΔmucRΔalg8 transformants with plasmids harboring respective site-specific mutants of alg8 with (ϩ) and without (Ϫ) the rocR gene. The data in histograms in panels b and d represent the means Ϯ SD for four independent repetitions, and treatments with different lowercase italic letters above the bars are significantly different (post hoc Tukey's HSD test, P Ͻ 0.05). CDM, cell dry mass; 300, PDO300; ND, not detectable; MCS5, pBBR1MCS-5. and P324 (on loop A) and T453 and R454 (on loop B) abolished alginate polymerization independent of the c-di-GMP level, i.e., the presence or absence of overproduced RocR; (ii) alanine substitutions of H323 and P325 (on loop A) and T457 and E460 (on loop B) resulted in either abolished or significantly reduced alginate production in the absence of RocR (i.e., permissive levels of c-di-GMP), but they were positively responsive to the presence of RocR (i.e., lower nonpermissive levels of c-di-GMP) as shown by increased alginate production. Remarkably, the point mutation E460A on loop B abolished alginate production while it restored alginate production upon the presence of RocR overproduction to a level similar to that obtained for the nonmutated control strain PDO300Δalg8 (pBBR1MCS-5:alg8:rocR) ( Fig. 1b; Fig. S2) .
Interestingly, the replacement of H323 with negatively charged glutamic acid, PDO300Δalg8(pBBR1MCS-5:alg8) (H323E), abolished alginate production in the absence of RocR overproduction, while alginate production was restored to 60% of the nonmutated strain PDO300Δalg8(pBBR1MCS-5:alg8:rocR) and to 86% of the H323A mutant in the presence of RocR overproduction ( Fig. 1b; Fig. S2) .
We also applied the c-di-GMP nonbinding variant of Alg44 (i.e., R17A and R21A) in combination with the responsive group of Alg8 variants (i.e., H323A, H323E, P325A, T457A, and E460A) ( Table 1) to assess the possibility of alginate production independent of c-di-GMP in the PDO300Δalg8Δalg44 mutant ( Table 1) . None of these Alg8 variants could restore alginate production (data not shown), indicating that binding of c-di-GMP to the PilZ domain of Alg44 is required for activation of alginate production, presumably via conformational change of the PilZ Alg44 domain as observed by Whitney and coworkers (15) .
To assess whether the resulting different levels of alginate production obtained from various Alg8 variants were due to impaired function of Alg8 rather than impaired protein localization or protein production level, the strains producing the respective Alg8 variants were subjected to protein analysis. The envelope fractions of the cells were isolated and assessed via immunoblotting using anti-Alg8 antibodies. The results showed that corresponding protein bands were detected for all Alg8 variants exhibiting an intensity similar to that seen with the positive control, i.e., PDO300Δalg8(pBBR1MCS-5:alg8) (Fig. 1c) . This result indicated that the replacement of any of the amino acid residues tested did not affect the overall structure of Alg8, suggesting an important role in polymerization rather than Alg8 localization.
Overall, these results indicated that predicted loops A and B of Alg8 and amino acid residues H323, P325, T457, and E460 surrounding the catalytic site might be involved in the c-di-GMP-mediated activation of alginate polymerization.
Furthermore, the replacement of the catalytic domain (residues 71 to 381) loops A and B of P. aeruginosa Alg8 with the algal (Ectocarpus siliculosus) homologous sequences did not restore alginate production either with or without RocR overproduction (see Fig. S1c in the supplemental material, underlined sequences). In addition, hybrid genes encoding various fusion proteins of Alg8-Alg44-PilZ Alg44 could not restore alginate production in the PDO300Δalg8Δalg44 mutant (see Fig. S3 in the supplemental material). However, it cannot be excluded that the lack of functionality is due to instability or impaired localization of the fusion proteins.
Decoupling alginate polymerization from MucR-dependent regulation. The GGDEF-EAL motif present in MucR was proposed to specifically regulate alginate synthesis by imparting a localized c-di-GMP pool for the PilZ domain Alg44 -mediated activation of alginate polymerization in response to environmental stimuli (19, 22) . We hypothesized that the c-di-GMP-responsive group of Alg8 variants (i.e., H323A, H323E, P325A, T457A, and E460A) might also respond to the absence of MucR and the associated elimination of the proposed c-di-GMP pool. Therefore, the impact of these variants on alginate production was analyzed in nonmucoid mutant PDO300ΔmucRΔalg8 with and without RocR overproduction (Fig. 1d) .
The variants H323E and P325A with RocR overproduction could not restore alginate production in PDO300ΔmucRΔalg8 to a detectable level, while they did in PDO300Δalg8 as described above (i.e., when MucR was present) ( Fig. 1b and d ; see also Fig. S2 and S4 in the supplemental material). However, the variants H323A, T457A, and E460A were able to restore alginate production in the absence of MucR in PDO300ΔmucRΔalg8, but interestingly, the respective alginate production levels were not significantly different from each other. On the other hand, compared with their activity in PDO300Δalg8 (i.e., in the presence of MucR), they were significantly reduced, up to 3.4-fold ( Fig. 1b and d ; Fig. S2 and S4 ). These results confirmed that MucR specifically regulates alginate polymerization and that alanine substitution of H323, T457, and E460 of Alg8 decoupled activation of alginate polymerization from c-di-GMP. However, the analysis of other existing c-di-GMP-synthesizing and -degrading enzymes in P. aeruginosa and their impact on c-di-GMP levels could provide further insight into conditions required for c-di-GMPmediated activation of alginate production. A schematic representation of mutual and combinational effects of Alg8 variants MucR and RocR on alginate polymerization is provided in Fig. S3 . This model shows the various Alg8 variants' interplay with the various levels of c-di-GMP in view of activation of alginate polymerization. Remarkably, high c-di-GMP levels caused inhibition in H323E and E460A variants (see Fig. S5 , row a, in the supplemental material), while RocR-mediated reduction of c-di-GMP levels favored the activation of alginate polymerization (Fig. S5, row b) . Interestingly, H323A, T457A, and E460A variants retained functionality independent from c-di-GMP depletion due to the absence of MucR and the presence of RocR overproduction (Fig. S5, row d) .
The periplasmic domain of Alg44 copolymerase is important for alginate polymerization and modification events. Alg44 is essential for alginate polymerization through its interaction with Alg8 and binding to c-di-GMP (11). Alg44 has been proposed as an alginate copolymerase that consists of three distinct domains including the c-di-GMP-binding cytoplasmic PilZ domain, a transmembrane domain, and a periplasmic domain (Fig. 2a) (23, 24) . The periplasmic domain has been proposed to contribute to the periplasmic scaffold bridging the inner and outer membranes, but its functional role in alginate biosynthesis remains unexplored.
Bioinformatic analysis using the Universal Protein Resource (UniProt) server showed highly conserved clustered residues 258QMKGTLTSPCDC269 in the periplasmic domain of Alg44 of alginate-producing Pseudomonas and Azotobacter species (Fig. 2a) . Therefore, these amino acid residues were subjected to site-specific mutagenesis to assess their impact on alginate polymerization, Alg44 production, and localization in PDO300Δalg44 mutant (Table 1) .
Site-specific mutagenesis of these residues with alanine either abolished or significantly reduced alginate production compared to its levels in the wild-type strain and in PDO300Δalg44(pBBR1MCS-5:alg44-6His) ( Fig. 2a ; see also Fig. S6 in the supplemental material). Except for variant D268A, which produced small amounts of alginate, alanine substitution in each residue in the PCDC (residues 266 to 269) cluster abolished alginate production. Additionally, alanine substitution of M259 resulted in a significant decrease in alginate production ( Fig. 2a; Fig. S6 ).
We hypothesized that if polymerization occurs but the alginate is misguided into the periplasm, it must be secreted as uronic acid as a consequence of periplasmic alginate lyase AlgL-mediated degradation (25) . To test this hypothesis, an alginate oligomer/ uronic acid detection assay was used. Statistical analyses did not show a significant difference between the total uronic acid amount (i.e., high-and low-molecular-mass alginate) and the low-molecular-mass fraction (filtrate, 10-kDa cutoff) for all variants, except for S265A (P Ͻ 0.05), which suggested that the reduction in alginate production was due to impaired polymerization (Fig. 2b) . For P266A, C267A, and C269A, the total uronic acid amount and the low-molecular-mass fraction were equal, indicating that alginate polymerization was completely abolished (Fig. 2b) . The ratio of high-to low-molecular-mass alginate produced by the wild-type strain and PDO300Δalg44 (pBBR1MCS-5:alg44) was significantly (P Ͻ 0.001) different from PDO300Δalg44 producing Alg44 variants (Fig. 2b) . Furthermore, the impact of amino acid replacements on protein localization was analyzed. Immunoblotting using anti-His tag antibodies showed that no Alg44 variant harboring alanine substitutions of P266, C267, and C269, separately, was detected (Fig. 2c) . However, Alg44 variants M259A and D268A, which mediated very low alginate yields on solid culture, were not detectable by immunoblotting ( Fig. 2a and c) . These results indicated that these amino acids contribute to the integrity of the proposed periplasmic scaffold, which is necessary for accomplishment of polymerization.
Furthermore, the possibility that the two cysteine residues (residues 267 and 269) mediate disulfide bond formation for localization of protein or inter-and intramolecular interactions was investigated. Immunoblotting analysis of dithiothreitol (DTT)-treated and untreated membrane fractions of PDO300Δalg44 complemented with alg44-6His either in cis or in trans expression showed a higher-molecular-mass band (ϳ70 kDa) when Alg44 was encoded in cis and in the absence of DTT, while it was missing when treated with DTT, i.e., under reducing conditions (see Fig. S7 in the supplemental material). This difference equals to ϳ25 kDa, and the identity of this interacting partner could not be confirmed because protein quantities were too low. This band was not detected when Alg44 was encoded by the respective plasmids in trans (Fig. S7) . The lack of Alg44 in samples corresponding to alanine substitution of cysteine residues reconfirmed their role in the localization of Alg44 (Fig. S7) .
Alg44 regulates modification of alginate through its periplasmic domain. Previously, our in vivo assessment had shown that alginate polymerization is linked with modification events, including acetylation and epimerization (11) . Alg44 overproduction was shown to have an impact on alginate composition by affecting modification events while it structurally interacts with Alg8 (alginate polymerase) and the Alginate quantification showed that P266A, C267A, and/or C269A completely abolished alginate production and that for other residues it was significantly reduced. The data represent the means Ϯ SD for four repetitions, and treatments with different lowercase italic letters above the bars are significantly different (post hoc Tukey's HSD test, P Ͻ 0.05). (b) Production of free uronic acids in liquid culture mediated by variants of Alg44 (flowthrough samples were obtained using filters with a 10-kDa cutoff), indicating that alginate polymerization was impaired by site-specific mutagenesis of highly conserved periplasmic amino acid residues of Alg44. The data represent the means Ϯ the SD for four repetitions, and asterisks indicate pairs of significantly different values (post hoc Tukey's HSD test: *, P Ͻ 0.05; ***, P Ͻ 0.001). (c) Immunoblot analysis of envelope fractions developed using anti-His tag antibodies showed that mutations M259A, P266A, C267A, D268A, and C269A completely disrupted Alg44 localization to the envelope fraction (lane 2 and lanes 6 to 10). The intensity of other protein bands was consistent with the amount of alginate produced by complemented mutants (lanes 1, 3 to 5, and 12). For estimating relative protein amounts, the protein band intensity was analyzed by the ImageJ software. The band of genomic expression of alg44-6His (lane 11) was set as 1. 3) and an immunoblot (lanes 4 to 6) of peak I (Fig. S7) showed a very stable dimer plus the monomer bands of Alg44. TM, transmembrane domain; CDM, cell dry mass; 300, PDO300; MCS5, pBBR1MCS-5; ND, not detectable. periplasmic subunits (i.e., AlgX and AlgK) to constitute the proposed periplasmic scaffold of the multiprotein complex (9, 11). We hypothesized that impaired polymerization of alginates observed in previous experiments must impact the modification events too. In effect, compositional analysis of alginates produced by Alg44 variants grown on solid media showed that the replacement of respective residues with alanine (i.e., Q258A, M259A, K260A, T264A, S265A, and D268A) decreased the acetylation degree to 34% to 52%, whereas in wild-type Alg44, the acetylation rate was 64% ( Fig.  2d ; see also Tables S1 and S2 in the supplemental material). Among them, M259A and D268A, which also showed impaired localization, revealed the highest impact on acetylation degree with 38% and 34%, respectively ( Fig. 2d ; Tables S1 and S2).
Additional copy numbers of Alg44 contributed to a lower molar fraction of G residues (F G ϭ 0.14), which was consistent with previous results (11) . Interestingly, S265A, whose impact on polymerization was less than by the other variants, did not change the molar fraction of G residues, while other amino acid residue substitutions increased the molar fraction of G residues to 0.2 to 0.23 ( Fig. 2d ; Tables S1 and S2). M259A showed the highest epimerization degree (F G ϭ 0.3) (Fig. 2d ; Tables S1 and S2 ). These data demonstrated that the periplasmic domain of Alg44 has a regulatory impact on alginate modification events. Additional copy numbers of Alg44 boosted acetylation and lowered epimerization (Tables S1 and S2), while alanine substitution of periplasmic residues impaired this regulatory effect.
Alg44 forms a homodimer in P. aeruginosa. In order to analyze the quaternary structure of Alg44, both heterologous and homologous productions of the full-length alg44-12His gene were assessed. Briefly, due to weak production and significant truncation of Alg44 in Escherichia coli strains, heterologous production was found to be not suitable (see Fig. S8 in the supplemental material). However, homologous overproduction of Alg44 in P. aeruginosa was continued using the mutant PDO300Δalg44 complemented with the integration of alg44-6His into the genome. Importantly, initial protein analysis using immunoblotting showed that the presence of 5 mM EDTA could significantly reduce proteolytic truncation of Alg44 (see Fig. S9 in the supplemental material). This suggested that metalloproteases might have mediated the degradation. Membrane fractions of disrupted cells were subjected to affinity chromatography purification in the presence of a cocktail of protease inhibitor, 5 mM EDTA, and DTT. Interestingly, two distinct bands corresponding to the molecular masses of the monomer and dimer of Alg44 were detected using immunoblotting (Fig. S9) .
To further purify Alg44, size exclusion chromatography was employed. The chromatogram showed two major peaks (see Fig. S10 in the supplemental material). Interestingly, when protein samples were treated with 0.2% alginate solution and DTT, impurities were dissociated from the two major peaks, in contrast to what was seen in untreated samples (Fig. S10a and b) . Protein analysis showed that the first major peak (I) with coverage of retention volume (Rv) of 11 to 13 ml corresponded to an apparent molecular mass of ϳ160 to 370 kDa ( Fig. S10a and b) , indicating the presence of either high-oligomeric states of Alg44 or detergent. However, under denaturing conditions using SDS-PAGE analysis and subsequent immunoblotting, a protein band corresponding to an apparent molecular mass of ϳ85 kDa was detected in peak I fractions, which suggested the presence of a stable Alg44 dimer (Fig. 2e) . No peak belonging to Alg44 monomer was detectable. On the other hand, when Triton X-100 was replaced with n-dodecyl ␤-D-maltoside (DDM), a distinct peak at an Rv of 14.5 ml was detected, which was calculated to exhibit an apparent molecular mass of 83.7 kDa, corresponding to the Alg44 dimer (Fig. S10c) . This peak was further analyzed by immunoblotting, which suggested the presence of the stable Alg44 dimer with an apparent molecular mass of ϳ85 kDa (see Fig. S11 in the supplemental material) . Interestingly, replacement of Triton X-100 with DDM detergent caused loss of the stability of the dimer along with protein truncation (Fig. S11) . Protein sequencing of the corresponding purified protein band confirmed the identity of Alg44 (coverage, 67.61%; number of unique peptides, 24) along with the presence of the proposed signal peptide sequence (Fig. S10d) .
Besides achieving full-length Alg44 purification, these experiments indicated that this protein forms at least a very stable dimer. These results suggested that Alg44 dimerization is not dependent on disulfide bond formation because treatment with DDT did not disrupt the dimer. This result was consistent with previous findings suggesting Alg44 dimerization based on in vivo chemical cross-linking (11) as well as that the purified PilZ Alg44 domain existed in dimer form after crystallization (15) .
The Alg8-Alg44 complex appears in a nonuniform, punctate, and patchy arrangement in the envelope surrounding the P. aeruginosa cell. In previous studies, it was shown that interacting proteins Alg8 and Alg44 localize to the cytoplasmic membrane of P. aeruginosa, while the C termini of both proteins were proposed to be exposed to the periplasm (24, 26, 27) . How the proposed alginate biosynthesis multiprotein complex localizes and distributes in the cells remains elusive. Here, membraneanchored Alg8 and Alg44 forming alginate polymerase were selected to visualize the cellular localization and distribution. Due to the presence of the N-terminal signal peptides and the localization of the C-terminal part of these proteins in the oxidizing environment of the periplasm, a superfolding derivative of GFP (sfGFP) (28) (29) (30) was translationally fused to the respective C termini of Alg8 and Alg44. Genes encoding these fusion proteins were transferred into respective negative mutants, resulting in recombinant strains PDO300Δalg8(pBBR1MCS-5:alg8:sfgfp) and PDO300Δalg44(pBBR1MCS-5:alg44:sfgfp). As regular GFP is not fluorescent in the oxidizing environment of the periplasm, strains PDO300Δalg8(pBBR1MCS-5:alg8:gfp) and PDO300Δalg44(pBBR1MCS-5:alg44:gfp) were used as negative controls to further confirm the periplasmic localization of the C termini of both proteins (data not shown). Furthermore, PDO300(pBBR1MCS-5:pilN:sfgfp) was used as an additional control to rule out technical artifacts. PilN protein is part of a multiprotein complex responsible for the biogenesis of type IV pili in P. aeruginosa. PilN is anchored in the cytoplasmic membrane with its C-terminal domain exposed to the periplasm (31) . All strains were grown under the same growth conditions on PIA medium to rule out the effects of cultivation conditions on the level of gene expression, and experiments were repeated three times.
Initially, functional protein localization of sfGFP fusion proteins was assessed by confirming restoration of alginate production in the respective isogenic knockout mutants. The mucoid phenotype and alginate quantification showed that PDO300Δalg8(pBBR1MCS-5:alg8:sfgfp) and PDO300Δalg44(pBBR1MCS-5:alg44:sfgfp) were complemented and produced alginate (5.16 Ϯ 0.1 and 1.1 Ϯ 0.02 g/g of CDM, respectively).
The sfGFP fusion protein-and alginate-producing P. aeruginosa cells were observed by confocal laser scanning microscopy (CLSM). By employing IMARIS image analysis software (Bitplane), respective images of bacteria included the cells that appeared with a coplanar orientation based on fluorescent distribution and were analyzed by including various numbers of optical sections (z-stack series), which were separated by 0.13 m. As expected, PDO300Δalg8(pBBR1MCS-5:alg8:gfp) and PDO300Δalg44(pBBR1MCS-5:alg44:gfp) were not fluorescent, while both Alg8-sfGFP and Alg44-sfGFP led to fluorescent cells with punctate fluorescent foci that were distributed surrounding the cells in nonuniform and patchy patterns (Fig. 3 , columns a to c and columns d to f). Analysis of z-stack series showed that the intensity and arrangement of distributed fluorescent foci were different between optical sections (Fig. 3 , columns a to c and columns d to f).
These results were compared with a translational fusion of PilN (PA5043) with sfGFP [PDO300(pBBR1MCS-5:pilN:sfgfp)] in order to rule out artifacts that might be mediated by sfGFP or the microscopic technique. No punctate or particular arrangement was observed in optical sections for PilN-sfGFP distribution by z-stack series analysis, and fluorescent foci were uniformly distributed (Fig. 3, columns g to i) . This result further supported that Alg8 and Alg44 are distributed in specific and nonuniform arrangements around the cell. However, to visualize this distribution at higher resolution, alternative techniques such as stimulated emission depletion (STED) microscopy and immunoelectron microscopy might be employed for further analysis.
DISCUSSION
c-di-GMP signaling in bacteria is one the most complex signaling systems that regulate many physiological activities of bacteria leading to adaptation and fitness in varying environments. Molecular mechanisms of effector proteins for c-di-GMP signaling are still poorly understood in bacteria. Until now, the molecular mechanisms that have been profoundly analyzed for a specific output are limited to the membraneanchored BcsA-BcsB complex (cellulose synthase) and the cytosolic FleQ protein regulating the expression of flagellar and exopolysaccharide biosynthesis genes, both in response to c-di-GMP (16, 32) .
Indeed, the response threshold of c-di-GMP receptor/effector proteins is dependent on their binding affinity to c-di-GMP, i.e., at different cellular levels of c-di-GMP; in particular, c-di-GMP receptor/effector proteins such as Alg44 will be engaged to mediate a well-orchestrated physiological response (18) . The c-di-GMP levels are tightly regulated by c-di-GMP-synthesizing and -degrading proteins (i.e., PDE/DCG proteins) in response to environmental stimuli (13) . For example, it was recently shown that the membrane-anchored MucR is a nitrate-sensing protein with PDE/DCG activity involved in regulation of alginate polymerization (19) . Here, the underlying molecular mechanism of c-di-GMP-mediated activation of alginate polymerization was studied. We developed a structural model of Alg8 in silico fused to the c-di-GMP binding PilZ domain of Alg44 in resemblance to the cellulose synthase, BcsA ( Fig. 1; Fig. S1 ). This
FIG 3
Alg8 and Alg44 proteins appear localized and distributed in a nonuniform, punctate, and patchy arrangement in the cell envelope of P. aeruginosa. Schematic membrane models of the C-terminal fusions of Alg8 and Alg44 with sfGFP protein are presented on the left. In addition to the C-terminal fusion of PilN with sfGFP protein, all respective images of bacteria that appeared with coplanar orientation based on fluorescent distribution were visualized using CLSM and analyzed using IMARIS image analysis software (Bitplane), each at three independent times. Analysis of various numbers of optical sections (z-stack series), which were separated by 0.13 m, showed fluorescent foci of PDO300Δalg8(pBBR1MCS-5:alg8:sfgfp) (columns a to c) and PDO300Δalg44(pBBR1MCS-5:alg44: sfgfp) (columns d to f) are arrayed in particular puncta and patchy patterns around the cells, while fluorescent foci in PDO300 (pBBR1MCS-5:pilN:sfgfp) (columns g to i) were uniformly distributed and not in any particular pattern, which ruled out possible technical artifacts. CM, cytoplasmic membrane; FLUOR, fluorescent; DIC, differential interference contrast. structural model and recent findings unraveling the molecular mechanism of c-di-GMPmediated activation of cellulose synthesis informed the identification of amino acid residues involved in activation of alginate polymerization. Amino acid residues of Alg8 predicted to interact with the c-di-GMP receptor/effector PilZ Alg44 domain were subjected to site-specific mutagenesis.
Critical amino acid residues of Alg8 whose replacement with alanine impacted the c-di-GMP level required for activation of alginate polymerization were identified, while H323A, T457A, and E460A resulted in decoupling of alginate synthesis from both general (RocR controlled) and localized (MucR mediated) levels of c-di-GMP (Fig. 1, S1 , and S5).
These residues were distributed in loops A and B of Alg8, which were modeled by the Phyre2 server according to BcsA structure and are homologous to those loops of BcsA involved in activation of cellulose polymerization by c-di-GMP ( Fig. 1 and S1 ). Here, we provided experimental evidence that H323 and P325 from loop A and T457 and E460 from loop B are involved in the c-di-GMP-dependent mechanism that regulates alginate polymerization (Fig. 1) . Since not all of these critical Alg8 residues align with conserved amino acid residues of BcsA, we propose that the molecular mechanism of alginate polymerization activation is different from the autoinhibition mechanism as described for activation of cellulose polymerization.
In the Phyre2 structural model ( Fig. 1 and S1 ), T457 and E460 flank two-␤-sheet strands, which are formed by loop B (homologous to the gating loop of BcsA) and the N-terminal end of PilZ Alg44 as previously discussed by Whitney and coworkers (15) . This segment was not structurally elucidated, and it remained disordered in solution, whereas it became ordered upon binding to c-di-GMP (15) . These results suggested that this region of Alg8, which comprises T457 and E460, adds another interface with the N-terminal end of PilZ Alg44 . The region comprising H323 was previously proposed to interface with the PilZ domain (11) and was found to be critical for regulation of alginate polymerization upon binding to c-di-GMP (Fig. 1) . Alanine replacement of P325, E460, and H323E abolished alginate production in the presence of c-di-GMP levels, strongly inducing alginate production in the control strains PDO300(pBBR1MCS-5) and PDO300Δalg8(pBBR1MCS-5:alg8), while E460A and H323E restored alginate production to a level close to that of the wild type when c-di-GMP levels were decreased by overproduction of the c-di-GMP-degrading enzyme RocR (Fig. 1) . Alignment of loops A and B with homologous counterparts of Alg8 from various bacteria showed that these loops are highly conserved, while E460 is less conserved (see Fig. S12 in the supplemental material). Interestingly, H322, which is highly conserved among alginate-producing Gammaproteobacteria, is replaced with a negatively charged glutamic acid or aspartic acid in several representatives from Alphaproteobacteria (belonging to the Rhizobiaceae family) and Epsilonproteobacteria (Fig. S12c) . No bacteria from the latter group have been reported to produce alginate, while bacteria belonging to Rhizobiaceae are well-known cellulose producers.
Although the cytosolic PilZ domain of Alg44, which binds c-di-GMP, has been well characterized, the full-length Alg44 was not purified and the role of its periplasmic domain was not studied. Alanine substitutions in highly conserved periplasmic residues caused a significant reduction or abolishment of alginate production (Fig. 2a) by affecting the polymerization process or Alg44 localization to the membrane (Fig. 2b  and c) . These residues comprise a region homologous to biotinyl-lipoyl-domains of biotin/lipoyl attachment proteins with carboxylase/decarboxylase and acyltransferase activity (33) . Furthermore, the cluster of PCDC (residues 266 to 269) was identified for being critical for Alg44 localization (Fig. 2c) . The role of the CXC motif on the localization of other proteins has been reported, such as the outer membrane lipoprotein CsgG exposed to the periplasm, copper chaperones in the mitochondrial intermembrane space, and its functional importance for copper trafficking by CopC protein across the bacterial periplasm (34) (35) (36) . In Alg44, both cysteine residues were required for protein localization. The roles of these residues in intra-and intermolecular interactions are still not clear. However, here experimental evidence that disulfide bond formation might be involved in protein-protein interaction was obtained (Fig. S7) . This was observed only when Alg44 was produced from a single gene integrated into the genome, i.e., at physiological copy number, suggesting that the stoichiometry of Alg44 and interacting proteins is important for this function (Fig. S7) .
Consistent with previous results that showed Alg44 boosts acetylation of alginate (11), replacement of periplasmic amino acid residues impaired the boosting effect on acetylation while causing a higher level of epimerization ( Fig. 2d ; see also Tables S1 and S2 in the supplemental material). These data suggested that Alg44 plays a role in alginate modifications through its periplasmic domain, possibly by linking polymerization with modification events.
For further biochemical characterization, full-length Alg44 was produced in P. aeruginosa containing the alg44-6His gene integrated into the genome. Alg44 was purified as a stable dimer (Fig. 2e and S9 to S11). These results suggested that Alg44 forms at least a stable dimer, as had been suggested on the basis of in vivo cross-linking experiments (11) . In addition, the dimer of only the cytoplasmic PilZ Alg44 domain has been demonstrated (15) .
Bioinformatic prediction using the PRED-TAT server (37) showed that protein subunits constituting alginate biosynthesis/modification/secretion multiprotein complex comprise Sec-dependent signal peptides for secretion and localization. In this secretion pathway, unfolded proteins are secreted across the membrane through a proteinconducting channel (37, 38) . Both Alg8 and Alg44 are membrane anchored, and they interact with each other, constituting the alginate-polymerizing component of the multiprotein complex. In order to assess the cell surface localization and distribution of the alginate synthesis complex, we employed translational fusion of Alg8 or Alg44 to the sfGFP. In contrast to GFP, the sfGFP properly folds in the oxidative environment such as the periplasm, particularly when the Sec-dependent pathway mediates secretion and localization (28, 29) . Alg8 or Alg44 fused to the N terminus of either GFP or sfGFP, respectively, was functional, as it restored alginate production in the respective isogenic knockout mutants. CLSM analysis revealed that sfGFP fusions were fluorescent but GFP fusions were not. This confirmed the localization of both C termini to the periplasm. In addition, CLSM analysis indicated that both Alg8 and Alg44 sfGFP fusion proteins were localized as nonuniform and patchy distributions of fluorescent foci surrounding the P. aeruginosa cell (Fig. 3 ). As both proteins had been shown to interact with each other and since Alg44 interacts with AlgX and AlgK (periplasmic subunits of the multiprotein complex) as well as with the outer membrane pore AlgE, visualization of the distribution of these proteins presumably indicates the cell surface arrangement of the entire alginate producing multiprotein complex (9) (10) (11) . Using an immunogold labeling approach, a recent study showed that AlgE was not randomly distributed over the entire outer membrane but colocalized with the proposed multiprotein complex (39) . Previously, it was shown that the Psl polysaccharide, which is produced by P. aeruginosa at the initial stages of biofilm development, is helically attached to the cell surface (40) . It was suggested that this helical distribution of Psl may promote the formation and stabilization of a polysaccharide matrix and in turn enhances cell-cell interactions that are critical for biofilm development (40) . However, our result did not show a typical helical distribution for alginate polymerase, while its possibility cannot be ruled out due to limitations of the imaging techniques used in this study. Nevertheless, the observed nonuniform and patchy distribution might provide some insights into a possible link of the distribution of alginate biosynthesis multiprotein complex with the proposed asymmetrical and spatial distribution of c-di-GMP pools essential for activation of specific proteins such as alginate polymerase (19, 41) . An asymmetrical, but nonstochastic, distribution of c-di-GMP in P. aeruginosa was previously observed upon cell division mediated by the activity of c-di-GMP-metabolizing enzymes for regulating the activity of c-di-GMP-binding proteins (41, 42) . At least 40 proteins directly synthesize and/or degrade c-di-GMP in P. aeruginosa, which controls the cellular level of this molecule in response to perceived stimuli. However, due to spatial distributions of this molecule for specific outputs, cognate receptor/effector proteins variably respond to c-di-GMP cellular level mainly via the PilZ domain (43) . Therefore, the nonuniform and patchy distribution of alginate polymerase (Fig. 3 ) might be a nonstochastic event and might link to the spatial distribution of c-di-GMP metabolizing enzymes for controlling c-di-GMP turnover when alginate overproduction is required as a specific output. To test this hypothesis, we suggest to apply a similar approach to visualize the distribution of the c-di-GMP providers for alginate polymerase, such as MucR.
Overall, this study provided experimental evidence toward elucidating the molecular mechanism of c-di-GMP-mediated activation of alginate polymerization and the role of Alg44 in alginate polymerization and modifications as well as the cell surface distribution of the respective alginate synthesis multiprotein complexes.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. P. aeruginosa and Escherichia coli strains (Table  1) were cultivated in Luria broth Lennox medium, consisting of enzymatic digest of casein (10 g/liter), yeast extract (5 g/liter), and sodium chloride (5 g/liter) (pH 7.3 Ϯ 0.2) (Acumedia; Neogen Corporation), supplemented by appropriate antibiotics. Depending on the selection marker on the plasmid, 300 g/ml of gentamicin (AppliChem) (for P. aeruginosa) or 10 g/ml of gentamicin or 100 g/ml of ampicillin (AppliChem) (for E. coli) was used. Cultivated cultures were grown at 37°C overnight unless otherwise stated. Alginate production and phenotypic assessments were performed using Difco Pseudomonas isolation agar (PIA) medium supplemented by 300 g/ml of gentamicin. E. coli strains, including C41(DE3), C43(DE3), BL21(DE3), Origami (DE3), ClearColi BL21(DE3), and Rosetta strains applied for heterologous production of protein, were purchased from Lucigen or Novagen (Table 1) . Large-scale cell culture preparations were performed in Luria broth medium. All chemicals were purchased from Sigma-Aldrich unless otherwise mentioned. All applied restriction enzymes used for cloning were manufactured by New England BioLabs GmbH. Enzymes for PCR and gene sequencing were purchased from Invitrogen. Alginate powder (from brown algae; Sigma-A2158) was purchased from Sigma-Aldrich.
Construction of isogenic mutants with knockout of alg8 and/or alg44 and mucR and/or alg8 genes. The P. aeruginosa PDO300 was used to generate isogenic single-and double-gene knockout mutants in alg8 and/or alg44 and mucR and/or alg8 genes as described previously (19, 23) . Briefly, this was performed through two events of homologous recombination using suicide plasmid pEX100T. This plasmid contained knockout genes that were disrupted by the aacC1 gene (encoding gentamicin acetyltransferase) flanked by two FLP recombination target (FRT) sites. Removing the FTR-aacC1-FRT cassette was performed by transfer the flippase recombinase-encoding vector pFLP2 (44) into presumable knockout mutants resulting in P. aeruginosa PDO300Δalg8, PDO300Δalg44, PDO300Δalg8Δalg44, PDO300ΔmucR, and PDO300ΔmucRΔalg8 mutants, which were confirmed using antibiotic sensitivity screening and PCR with alg8 up/down, alg44 up/down, and mucR up/down primers (23, 26, 45) .
In trans and in cis complementation of knockout mutant in alg8 and/or alg44 and mucR and/or alg8 genes and E. coli strain transformations. The genes encoding Alg8/Alg44 or Alg44-6His and MucR/Alg8 were transferred into generated mutants using pBBR1MCS-5 (46) plasmid. For incorporation into the genome, mini-CTX-lacZ plasmid was used (47) as described previously in detail (9, 11, 23) . The vector pETDuet-1 (Novagen) was applied to construct pETDuet-1:alg44-12His for heterologous production of Alg44-12His (Table 1 ). Relevant encoding genes (i.e., alg8, alg8-12His, alg44, and alg44-12His) for heterologous production were optimized based on E. coli codon usage and synthesized by GenScript.
Site-specific mutations of alg8 and alg44 genes. Site-specific mutagenesis of Alg8 was performed by amplifying the fragments of alg8 by PCR using genomic DNA of POA1 strain and the primers carrying point mutations (Table 1) . Amplified fragments were ligated into pBBR1MCS-5:alg8 at AatII/XmnI or BglII/PstI sites resulting in pBBR1MCS-5:alg8(T320A), pBBR1MCS-5:alg8(H323A), pBBR1MCS-5:alg8 (P324A), pBBR1MCS-5:alg8(P325A), pBBR1MCS-5:alg8(T453A), pBBR1MCS-5:alg8(R454A), pBBR1MCS-5: alg8(T457A), pBBR1MCS-5:alg8(E460A), pBBR1MCS-5:alg8(H323E), pBBR1MCS-5:alg8(E322A), pBBR1MCS-5:alg8(E322A/H323E), pBBR1MCS-5:alg8(T453A/T457A), and pBBR1MCS-5:alg8(R454A/T457A). Resultant constructs were confirmed by sequencing at Massey Genome Service, Massey University. Also, pBBR1MCS-5:alg8(P325A):alg44(R17A), pBBR1MCS-5:alg8(P325A):alg44(R21A), pBBR1MCS-5:alg8(T457A): alg44(R17A), pBBR1MCS-5:alg8(T457A):alg44(R21A), pBBR1MCS-5:alg8(E460A):alg44(R17A), pBBR1MCS-5: alg8(E460A):alg44(R21A), pBBR1MCS-5:alg8(H323E):alg44(R17A), and pBBR1MCS-5:alg8(H323E):alg44(R21A) were generated. Combinations of all constructs with rocR (PA3947) were also provided (Table 1) .
For site-specific mutagenesis of Alg44, each residue of the clusters QMK (residues 258 to 260) and TSPCDC (residues 264 to 269) was mutated to alanine using DNA synthesis (GenScript) and ligated into its corresponding region on alg44 using SapI and BamHI sites. The resultant plasmids were pBBR1MCS-5:alg44(Q258A)-6His, pBBR1MCS-5:alg44(M259A)-6His, pBBR1MCS-5:alg44(K260A)-6His, pBBR1MCS-5:alg44(T264A)-6His, pBBR1MCS-5:alg44(S265A)-6His, pBBR1MCS-5:alg44(P266A)-6His, pBBR1MCS-5:alg44(C267A)-6His, pBBR1MCS-5:alg44(D268A)-6His, pBBR1MCS-5:alg44(C269A)-6His, and pBBR1MCS-5:alg44(C267A/C269A)-6His.
Protein localization assessment in the envelope fraction of the cells. Transformants of P. aeruginosa were grown in LB supplemented with 300 g/ml gentamicin overnight at 37°C as inoculum. Each PIA plate supplemented with antibiotic was inoculated with 200 l of washed inoculum and incubated for 36 h at 37°C. Grown bacteria on plates were scraped off and washed twice with buffer W (10 mM HEPES, 150 mM NaCl [pH 7.4]). Pelleted cells were lysed in buffer L (10 mM HEPES, 150 mM NaCl, 10% glycerol, 10 mM EDTA, 0.5 mg/ml lysozyme, Roche EDTA-free complete protease inhibitor [pH 7.4]) for 20 min and were subjected to sonication for disruption. Unbroken cells were separated by centrifugation at 8,000 ϫ g for 30 min at 4°C. Supernatants were subjected to ultracentrifugation at 100,000 ϫ g for 90 min at 4°C to isolate the envelope fraction. Pellets were solubilized in SDS containing loading buffer supplemented with 0.2% Triton X-100 and incubated for 1 h at 4°C. Before protein analysis, protein concentration of samples was assessed via densitometry assessment using various concentrations of bovine serum albumin.
Alginate purification and quantification and free-uronic acid assay. Two milliliters of bacterial overnight culture grown in LB medium supplemented with the appropriate antibiotic was sedimented, and cells were washed twice with saline solution. Cells were suspended in 1 ml of saline solution, and 200 l of cell suspension (optical density at 600 nm [OD 600 ], 3.0) was plated onto a thick layer of PIA medium (40 ml in each plate) containing 300 g/ml of gentamicin and then incubated at 37°C for 72 h, an incubation period that had previously been described and found to be optimal for cell growth and alginate quantification, avoiding nutrient deprivation and desiccation stress (11) . Grown cells were scraped off from agar plates and suspended in saline solution until a homogenous suspension was formed. Then, suspensions were pelleted and supernatants containing alginate were precipitated with equal volumes of ice-cold isopropanol. The alginate precipitants were freeze-dried and then redissolved in 50 mM Tris-HCl (pH 7.4)-10 mM MgCl 2 to a final concentration of 0.5% (wt/vol), followed by incubation with 15 g/ml DNase I and 15 g/ml RNase I at 37°C for 6 h. Then, pronase E was added to a final concentration of 20 g/ml, and the mixture was incubated at 37°C for a further 18 h. Alginate solutions were dialyzed (molecular mass cutoff, 12 to 14 kDa; ZelluTrans/Roth mini dialyzer; Carl Roth GmbH & Co.) against 5 liters of ultrapure H 2 O for 48 h. Finally, alginates were precipitated with equal volumes of ice-cold isopropanol and freeze-dried for uronic acid assay and biochemical analysis, which was previously described in detail (9, 11, 48) .
Assessment of free uronic acids was performed using 2 ml of overnight liquid culture. Cells were pelleted, and supernatants were filtered through a Vivaspin-500 (GE Healthcare) filter device with a molecular mass cutoff of 10 kDa. The uronic acids in the flowthrough, which consist of free uronic acids and short alginate degradation products, and total sample were measured according to a previously described procedure (49) .
Analysis of composition of the alginates. Compositional analysis of alginate samples was done by using 1 H-nuclear magnetic resonance ( 1 H-NMR) for two different sets of original and deacetylated samples. Preparation of samples was done according to a previously described method (11, 50, 51) . Partially hydrolyzed samples (10 mg) were dissolved in 2 ml of D 2 O (99.96%) with shaking for 2 h and lyophilized. This deuteriation step was repeated twice. The deuterium-exchanged alginates (6 mg) were dissolved in 0.7 ml of D 2 O. 1 H-NMR spectra were recorded at 85°C using 500 MHz Bruker Avance spectrometers. Spectra were interpreted as previously described by Grasdalen et al. (11, 52) .
Protein production, cell disruption, and preparation of membrane fractions. The strains of E. coli with pETDuet-1:alg44-12His were grown overnight. The main cultures of LB medium supplemented with 70 g/ml of ampicillin were inoculated with 1% (vol/vol) of overnight cultures and incubated at 37°C until the OD 600 reached 0.5 to 0.6. Then, cultures were induced with isopropyl ␤-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM and subsequently grown at 25°C. In cis-complemented PDO300Δalg44 with alg44-6His was grown at 37°C overnight for mass production of cells.
Cells were harvested and washed twice with sodium phosphate buffer. After disruption using sonication or a microfluidizer, unbroken cells and cellular debris were removed using centrifugation at 8,000 ϫ g for 45 min at 4°C. Supernatants were subjected to ultracentrifugation at 100,000 ϫ g for 90 min at 4°C to isolate the envelope fraction. Pelleted membrane fractions were dissolved at 4°C for 2 h with buffer A (800 mM NaCl, 50 mM NaH 2 PO 4 , 10% glycerol, 5 mM EDTA, 1.5% Triton X-100, 5 mM imidazole, and Roche EDTA-free complete protease inhibitor [pH 7.7] ). The insoluble part was pelleted again at 100,000 ϫ g for 30 min at 4°C. Supernatants were subjected to protein purification and analysis.
Protein purification and analysis. The His-spin protein miniprep kit (Zymo Research) was employed for preliminary purification assessment. Roche cOmplete His tag purification resin (EDTA compatible) was employed for large-scale purification of His-tagged protein. The solubilized membrane fraction was mixed with 5 ml of preequilibrated resin with buffer A and incubated at 4°C for 6 h with gentle shaking. The mixture was packed into columns for gravity flow and washed with 10 column volumes (cv) of buffer A. Elution was performed with 5 cv of buffer B (similar to buffer A with 500 mM imidazole, pH 7.7). A 250-l volume of eluent was loaded onto a Superdex 200 Increase 10/300 GL column. Two column volumes of buffer C (300 mM NaCl, 50 mM NaH 2 PO 4 , 10% glycerol, 5 mM EDTA, 0.02% Triton X-100 [pH 7.8]) was passed through the column at 0.6 ml min Ϫ1 , and the absorbance at 280 nm was monitored.
A standard curve of retention volume (Rv) versus apparent molecular mass was applied by measuring the elution volume for low-and high-molecular-mass protein standards (Sigma). The plot was obtained for log MW versus Rv, where MW is the known apparent molecular mass of the standard, including the following: (i) ferritin (ϳ440 kDa), (ii) alcohol dehydrogenase (ϳ150 kDa), (iii) bovine serum albumin (ϳ66 kDa), and (iv) carbonic anhydrase (ϳ29 kDa). The curve was approximately linear at R 2 ϭ 0.9891 over the range of standards from MW of 29 to 440 kDa. This curve is presented in the supplemental material.
Fractions were collected in 0.5-ml steps and subsequently assessed by SDS-PAGE (8% acrylamide gels) either with staining with Coomassie brilliant blue solution or immunoblotting. Immunoblotting was performed using an iBlot dry-blotting system (Invitrogen) as described previously (9) . For the detection of His-tagged protein, a HisProbe-HRP kit (Thermoscientific) was used according to the manufacturer's instruction. For detection of Alg8, anti-Alg8 (2:5,000) in 2% bovine serum albumin-fraction V (Gibco/ Invitrogen) was used. Immunoblotting was followed by resolving with SuperSignal West Pico chemiluminescent substrate (Thermoscientific) and developing on X-ray film (Kodak, Rochester, NY). Protein sequencing was performed by The Centre for Protein Research (CPR) of Otago University.
Imaging of fluorescent proteins and analysis. The encoding sequencse of GFP and sfGFP were synthesized (GenScript) and ligated at the C-terminal end of alg8, alg44, and pilN genes (without the stop codon) using XbaI and SacI sites, resulting in pBBR1MCS-5:alg8:gfp, pBBR1MCS-5:alg8:sfgfp, pBBR1MCS-5:alg44:gfp, pBBR1MCS-5:alg44:sfgfp, pBBR1MCS-5:pilN:gfp, and pBBR1MCS-5:pilN:sfgfp. Constructs were electroporated into PDO300, PDO300Δalg8, and PDO300Δalg44. Complemented and mucoid colonies were selected for alginate quantification. Microscopic analysis was performed using the cells growing on solid media within 24-h biofilm (mucoid colony), followed by analysis of various numbers of optical sections (z-stack series), separated by 0.13 m, using confocal laser scanning microscopy (Leica SP5 DM6000B). This experiment was repeated three times to analyze the cells. Images were analyzed using IMARIS image analysis software (Bitplane).
Statistical analysis. Alginate quantification and uronic acid assay were conducted using four independent repetitions, and data are presented as means Ϯ standard deviations (SD). The Shapiro-Wilk test was used to evaluate the normality of distribution of the data and indicated that the data were normally distributed (P Ͼ 0.05). The results were statistically analyzed by analysis of variance (ANOVA) followed by post hoc Tukey's honestly significant difference (HSD) test for pairwise comparisons using XLSTAT statistical add-in software for Microsoft Excel 14.0. The lowercase italic letters on the histograms provide a graphical representation for post hoc pairwise comparisons (Tukey's HSD). A P value less than or equal to 0.05 was considered significant in all evaluations.
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